Fluctuations in cerebral hemodynamics have been implicated in the pathogenesis of acquired brain damage in babies born prematurely. This study examined the changes in cerebral fractional oxygen extraction (FOE) over the first 3 d after birth in 25 verylow-birth-weight preterm infants. Twelve infants had no major cerebral injury and 13 had acquired brain injury; cystic periventricular leukomalacia (PVL) was present in 4 and intraventricular hemorrhage (IVH) in 9, of whom 2 also had hemorrhagic parenchymal infarction (HPI) Cerebral white matter injury is responsible for considerable morbidity in infants born prematurely (1-5). The two principal underlying brain lesions are HPI and cystic PVL (6). Abnormal cerebral hemodynamics and oxygen delivery have been suggested as possible etiological factors for both lesions (7). Increased variability in cerebral blood flow or mean arterial blood pressure have been associated with the development of IVH (8 -11). By contrast, cystic PVL has been attributed to cerebral hypoperfusion (8, (12) (13) (14) . Other studies, however, have demonstrated no relationship between the incidence of PVL and hypotension (15-17). There is also emerging evidence to implicate infection and inflammation, and the vulnerability of the oligodendrocyte precursors that inhabit the developing periventricular white matter, in the etiology of PVL (18 -24).
Fluctuations in cerebral hemodynamics have been implicated in the pathogenesis of acquired brain damage in babies born prematurely. This study examined the changes in cerebral fractional oxygen extraction (FOE) over the first 3 d after birth in 25 verylow-birth-weight preterm infants. Twelve infants had no major cerebral injury and 13 had acquired brain injury; cystic periventricular leukomalacia (PVL) was present in 4 and intraventricular hemorrhage (IVH) in 9, of whom 2 also had hemorrhagic parenchymal infarction (HPI) Cerebral white matter injury is responsible for considerable morbidity in infants born prematurely (1) (2) (3) (4) (5) . The two principal underlying brain lesions are HPI and cystic PVL (6) . Abnormal cerebral hemodynamics and oxygen delivery have been suggested as possible etiological factors for both lesions (7) . Increased variability in cerebral blood flow or mean arterial blood pressure have been associated with the development of IVH (8 -11) . By contrast, cystic PVL has been attributed to cerebral hypoperfusion (8, (12) (13) (14) . Other studies, however, have demonstrated no relationship between the incidence of PVL and hypotension (15) (16) (17) . There is also emerging evidence to implicate infection and inflammation, and the vulnerability of the oligodendrocyte precursors that inhabit the developing periventricular white matter, in the etiology of PVL (18 -24) .
Another variable that is related to cerebral perfusion and oxygen delivery is cerebral FOE, which represents the ratio of cerebral oxygen consumption to cerebral oxygen delivery. As oxygen delivery decreases, FOE would be expected to increase so that oxygen consumption remains constant. When oxygen delivery decreases beyond the critical point at which oxygen extraction is maximal and cannot increase further, oxygen consumption will start to decrease. This present study was undertaken to investigate the patterns of change in cerebral FOE over the first 3 d after birth in preterm, very-low-birthweight neonates, and to relate these changes to acquired cerebral injury. The hypothesis that was tested was that infants with no major cerebral injury would exhibit a different pattern of
The derivation of this formula is set out in detail elsewhere (26) . Measurements of cerebral SvO 2 were made within the first 12 h after birth (d 1), between 24 and 36 h of age (d 2), and between 48 and 60 h of age (d 3).
Cranial ultrasound. Examinations were performed on d 1, 3, and 7 after delivery. Thereafter, scans were performed weekly, until 1 mo of age, and from then on monthly until discharge from the neonatal intensive care unit. Infants had additional cranial ultrasound scans on other days during the course of the study, as considered appropriate by the attending physician.
Statistics. Data were analysed using SPSS Version 10.0.7 (SPSS Inc., Chicago, IL, U.S.A.). Normality of data was ascertained using histogram plots and Shapiro-Wilk test. A normal range for cerebral FOE was defined using 5 th and 95 th centiles generated from data in those infants who did not have evidence of cerebral injury on cranial ultrasound. Cerebral FOE in infants with cerebral injury was compared with the normal ranges. Further analysis of the data were performed using nonparametric methods, because of analysis of repeated measurements within individuals, and because of the small number of infants in each group. Differences in cerebral FOE across the 3 d of measurement were examined using Friedman's test. Where significant differences were found, the data were visually examined and, if appropriate, differences between d 1 and 2 and d 2 and 3 were analyzed using the Wilcoxon signed rank test, to determine on which days the significant changes in cerebral FOE occurred.
RESULTS

Measurements.
Thirty-six infants were studied. There were successful measurements of cerebral FOE on all 3 d in 25 infants. Ten infants had two successful measurements, and one infant had only one successful measurement completed. The reasons for failure of the 12 missing measurements were death before the d 3 of life (1 measurement), equipment failure (2 measurements), and rejection of recorded data for failure to meet preset standards, usually because of movement artifact (9 measurements). Only the 25 infants who underwent three complete measurements were included in the analysis. The 11 infants excluded for failure to complete three measurements as laid out in the study protocol were not significantly different with regard to gestation, birth weight, or sex.
Descriptive details for the 25 infants are shown in Table 1 . Changes in cerebral FOE. There was a significant (p ϭ 0.01) decrease in mean cerebral FOE from d 1 (0.37 Ϯ 0.10) to d 2 (0.30 Ϯ 0.09), a decrease of 18.9% (Table 2 , Fig. 1 ). There was no significant change from d 2 to d 3.
The 25 infants were divided into three groups based on their cranial ultrasound findings: 12 had either no cerebral injury or subependymal hemorrhages alone; 4 had cystic PVL; 9 had IVH confined to the cerebral ventricles, including 2 infants, referred to below as infants A and B, who had HPI during the first 3 d after birth. The infants with no cerebral injury or subependymal hemorrhages alone (n ϭ 12) were not significantly different from infants with cerebral injury (n ϭ 13) with regard to gestation, birth weight, or sex.
Cerebral FOE in infants with no major cerebral injury. Cerebral FOE values in the infants with no major cerebral injury (n ϭ 12) demonstrated a pattern of change similar to that seen in the group as a whole (Fig. 2) , although with no significant change during the 3 d of measurement ( Table 2 ). The data from this group were used to generate a normal range based on the 5 th and 95 th centiles for cerebral FOE on each of the three days of measurement. The 5 th -95 th centile ranges were 0.23-0.53 on d 1, 0.18 -0.45 on d 2, and 0.17-0.38 on d 3 (Fig. 2) . Cerebral FOE values in the three groups with cerebral injury were then related to this normal range. Cerebral FOE in infants with cystic PVL. Four infants developed cystic PVL. In one, the cysts were first seen on d 1, in the other three cysts were first seen on d 19, 20, and 26. There was no significant change in cerebral FOE during the 3 d of measurement (Table 2) .
None of these infants had measurements of cerebral FOE above the 95 th centile, although 1 of 12 measurements was below the 5 th centile (Fig. 3) . Cerebral FOE in infants with IVH and HPI. Nine infants developed IVH, of whom seven had injury confined to the cere- Cerebral FOE of the nine infants with IVH demonstrated significant differences over the 3 d of measurement (Table 2) . 
DISCUSSION
This study has demonstrated a striking difference in cerebral FOE during the first 3 d after birth when comparing infants who developed cerebral hemorrhage and those with no major cerebral injury. Because cerebral FOE represents the ratio of oxygen consumption to oxygen delivery, very high values of cerebral FOE imply that cerebral oxygen delivery was low, most probably because of cerebral hypoperfusion. Thus, our findings lend support to the observations that IVH and HPI are postnatal events, as a consequence of altered cerebral hemodynamics and oxygen delivery following birth. By contrast, infants who developed cystic PVL had cerebral FOE measurements that were similar to those in infants with no major injury.
There was a significant decrease in cerebral FOE during the first 2 d after birth in our cohort of ventilated preterm infants, but no change between d 2 and 3. In infants with no cerebral injury, or small subependymal hemorrhages alone, there was no significant change at all during the 3 d. The finding that cerebral FOE was higher on d 1 compared with d 2 and 3 suggests that cerebral oxygen delivery, and therefore cerebral blood flow, was lower on d 1 than on subsequent days. There are several possible explanations for this finding. Firstly, preterm infants may have depressed cardiac function, lower systemic output, and lower blood pressure on the first day after birth when compared with subsequent days (27) . Secondly, cerebral blood flow may be reduced on d 1 after resuscitation using high concentrations of oxygen, which has a vasoconstricting effect on the cerebral vasculature (28) .
In the four infants with cystic PVL, three of whom developed cysts late in the neonatal period, the pattern of change of cerebral FOE was similar to that seen in infants with no injury or subependymal hemorrhage alone. There was no significant change in cerebral FOE during the 3 d, with all data points (except for one, which was below the 5 th centile) lying between the 5 th and 95 th centiles for cerebral FOE in infants with no major cerebral injury. This relative lack of fluctuation in cerebral FOE implies stable cerebral perfusion. The absence of any values of cerebral FOE above the 95 th centile implies that none of the infants had cerebral hypoperfusion or hypoxia at the time of measurement. These findings suggest that over the first 3 d after birth, cerebral hypoperfusion, cerebral hypoxia, or fluctuations in cerebral blood flow are not associated with the development of cystic PVL.
By contrast with those infants with no serious cerebral injury and those who developed cystic PVL, the nine infants with IVH exhibited marked variation in cerebral FOE over the 3 d of measurement. Cerebral FOE decreased significantly from d 1 to 2, and increased significantly from d 2 to 3. Five measurements of cerebral FOE in those infants with IVH and HPI were outside the 5 th -95 th centile limits for infants with no major cerebral injury, all of which were above the 95 th centile. It would seem, therefore, that the infants with cerebral hemorrhage had a more labile cerebral circulation than infants who suffered no major cerebral injury. These observations support the proposition made by other authors who have postulated that fluctuation in cerebral blood flow is an important etiological factor in the development of IVH and HPI (9, 29 -32 The observation that severe hemorrhage occurred at around the time when cerebral FOE was extremely high supports a notion that disturbed cerebral hemodynamics may be involved in the pathogenesis of HPI. In our series, the two highest recorded values of cerebral FOE were in the only two infants with HPI. Increased cerebral FOE is likely to be a consequence of reduced cerebral oxygen delivery caused by reduced cerebral blood flow. This finding is in agreement with other studies, which have demonstrated that cerebral blood flow was significantly lower in infants who developed IVH than those who did not, and that those infants with the most severe lesions had the lowest cerebral blood flow (33, 34) .
In conclusion, this study has demonstrated a significant decrease in cerebral FOE during the first 2 d after birth in a cohort of sick, ventilated, preterm infants. This is despite difficulties in obtaining data suitable for analysis using nearinfrared spectroscopy, an operator-dependent process that is very sensitive to movement artifact, which resulted in a number of infants being excluded from the analysis. This decrease in cerebral FOE implies an increase in cerebral oxygen delivery during this time. Cerebral FOE was stable in infants with no major cerebral injury and infants who develop cystic PVL, but fluctuated in those who developed IVH confined to the ventricles and HPI. As cerebral FOE reflects cerebral oxygen delivery and thus cerebral blood flow, these observations support the proposition that fluctuating hemodynamics may play an important role in the etiology of IVH and HPI, but that different factors, such as cytokines, are likely to be responsible for the development of cystic PVL.
